A manganese nitride surface containing a well-ordered array of MnN-bonded manganese clusters is investigated. The clusters are composed of a quadrant array of Mn atoms forming a tetramer. Scanning tunneling microscopy is used to image and resolve the clusters into their constituent atoms and their structure and arrangement is presented. The Mn-Mn and Mn-N bond lengths are estimated from the experimental data and compared with theoretical predictions by Rao and Jena ͓Phys. Rev. Lett. 89, 185504 ͑2002͔͒ for free, N-doped Mn clusters. The possible effect of the bond lengths on the magnetic properties of the clusters is discussed.
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Magnetic nanoclusters have recently been explored theoretically for their potential application to the field of dilute magnetic semiconductors. Particularly, Rao and Jena studied the magnetic properties of Mn nanoclusters in relation to their possible effects in transition-metal ͑Mn͒-doped gallium nitride, finding that N-doped Mn clusters containing from one to five Mn atoms exhibited giant magnetic moments as large as 22 B . 6 Other theoretical work has also suggested that Mn clusters are responsible for ferromagnetism in Mndoped GaN. 7 Experimentally, Dhar et al. reported the observation of Mn clusters using cross-sectional transmission electron microscope ͑TEM͒ in Mn-doped GaN, suggesting their formation to occur for Mn concentrations at or above 10%. 8, 9 It is therefore highly desirable to experimentally investigate Mn nanoclusters using methods capable of atomic-scale resolution. Such investigations can put to test recent theories of Mn-doped GaN and also provide insight into the properties of Mn nanoclusters for other possible applications.
The case of Mn is particularly interesting since, although bulk Mn metal is antiferromagnetic, bulk N-doped Mn ͑i.e., Mn 4 N͒ can be ferrimagnetic. 10 And, when further reducing down to cluster dimensions, N-doped Mn nanoclusters can even be ferromagnetic. 6 In this letter, we present a unique surface of manganese nitride, on which are stabilized periodic, self-organized array of MnN-bonded Mn tetramer clusters. We explore their structural properties and discuss them in comparison with recent theoretical predictions of N-doped Mn clusters.
Previous work has reported the successful molecular beam epitaxy ͑MBE͒ growth of different phases and orientations of manganese nitride, which can be controlled by the Mn:N flux ratio and substrate temperature. 11, 12 For the work described here, we produce the ͑001͒ face of Mn 3 N 2 through growth on MgO͑001͒ substrates at T substrate = 450°C. A Mn effusion cell and a rf-plasma N source are used to provide the elemental fluxes; details of growth of this phase and orientation can be found elsewhere.
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The 3:2 ͑Mn:N͒ phase and ͑001͒ orientation are verified using reflection high energy electron diffraction ͑RHEED͒ and x-ray diffraction ͑XRD͒. Briefly, the resultant bulk film structure is of the face-centered tetragonal rocksalt-type structure with c axis normal to the sample surface. According to the Jacobs and Kreiner model of Mn 3 N 2 , the c-plane stacking consists of a repeating sequence of two layers of MnN followed by one layer of Mn. 13 Recent neutron diffraction measurements by Leineweber et al. clarify Jacobs and Kreiner's earlier report, showing that Mn magnetic moments in the range of 3.38-3.75 B are aligned ferromagnetically in the c planes and that they alternate antiferromagnetically from layer to layer along the c axis.
14 The difference in magnetic moment between Mn atoms in Mn planes ͑Mn1͒ and Mn atoms in MnN planes ͑Mn2͒ is also discussed by Leineweber et al. but is very small ͑only ϳ0.3 B ͒. The Néel temperature of Mn 3 N 2 was reported to be ϳ925 K. 15 Following MBE growth, the sample is transferred directly to the in situ room-temperature scanning tunneling microscope ͑STM͒. In Fig. 1͑a͒ is presented an image of size 800ϫ 800 Å 2 , showing terraces separated by monolayerheight steps. Close inspection reveals 2 types of terrace: a smooth-type terrace and a more defected-type terrace. Comparing with the ideal stacking sequence, side-view model shown in Fig. 1͑c͒ , a correlation is found between the layers having ͑not having͒ N ͑from the model͒ and the smooth-type ͑defected-type͒ terraces ͑in the image͒. Therefore, we find that the defected-type terrace ͑A layer͒ is the Mn atom layer, and the smooth-type terraces ͑B layers͒ are the MnN layers.
Calibrated step-height analysis is presented in Fig. 1͑b͒ , where the line profiles correspond to the lines shown in Fig.  1͑a͒ . This analysis allows the determination of the step heights between layers A and B1 ͑h1͒, layers B1 and B2 ͑h2͒, and layers B2 and A ͑h3͒, in descending order. The values are measured to be: h1 = 1.33± 0.01 Å; h2 a͒ Author to whom correspondence should be addressed; electronic mail: smitha2@ohio.edu = 2.15± 0.01 Å; h3 = 2.41± 0.01 Å. The sum= 5.90± 0.03 Å can be compared to the expected bulk half-lattice constant of c / 2 = 6.07 Å, 11 and the difference can be attributed to a slight inward surface relaxation of ϳ−2.8%.
Previously, we found that for smaller Mn flux, the -MnN ͑1:1͒ phase, which has very similar structure to the Mn 3 N 2 ͑3:2͒ phase, grows epitaxially; 11 in that case, there are only MnN layers. For larger Mn flux as presented here, there can be excess Mn at the surface forming a Mn atom layer. It is interesting that the Mn atom ͑A͒ layer appears to accumulate in the correct places to form the -phase stacking sequence. However, an exception is seen at point P, where there is a clear boundary within a single terrace with an apparent height difference of ϳ0.64 Å. The B3/A boundary can be understood as a MnN growth front line within an A layer. Most likely, the concentration of A-and B-type areas depends on the arrival rates of Mn and N atoms at the surface.
The reason why the MnN terraces ͑B layers͒ appear smooth has to do with their simple 1 ϫ 1 structure ͑as shown below͒. The more defective structure of the A layer is seen at higher resolution in the STM image of Fig. 2͑a͒ where an array of tiny subnanometer-sized dots is seen, each measuring about 3 Å in diameter. There are also some defects ͑marked by region D͒, leading to some disorder; but in areas away from the defects, the tiny dots form a well-ordered, quasihexagonal array.
Based on the stacking order determined in Fig. 1 , the tiny dots of the A layer should consist of Mn atoms. Their detailed structure is clarified by higher resolution STM images, as seen in Fig. 2͑b͒ , in which they are resolved as square tetramers of Mn atoms. Note: Mn states dominate over N states near the Fermi level, as established by Lambrecht et al. 16 The tetramers are lined up along, and with sides parallel to, ͗110͘. Looking perpendicular to the tetramer rows, the cluster position alternates back and forth by one tetramer spacing from row to row; this leads to the observed quasihexagonal symmetry ͓Fig. 2͑a͔͒. Consequently, two types of tetramer cluster domains are observed, labeled A1 and A2.
The Mn tetramer clusters are spaced by 2a = 5.96 Å ͑note, a = a 1 / ͱ 2, where a 1 = 4.21 Å is the conventional Mn 3 N 2 c-plane lattice constant͒. Because of the two times spacing, there can also be a one tetramer shift ͑see points marked S in the images of Fig. 2͒ . The apparent defects on the surface form in part due to the combined effects of domain and shift boundaries. To better understand the Mn tetramer cluster structure, both the MnN ͑B-type͒ layer and the Mn ͑A-type͒ layer are shown in zoom-in STM images of Fig. 3 . The MnN layer ͓Fig. 3͑a͔͒ has a simple 1 ϫ 1 periodicity with Mn atoms spaced by 2.98 Å and aligned in rows along ͗110͘ and ͗110͘ directions, and it matches very well the model of Fig. 3͑b͒ . For the STM image of the A-type ͑Mn͒ layer ͓Fig. 3͑c͔͒, the Mn tetramer clusters are arranged in a lattice having a c͑4 ϫ 2͒ unit cell, in excellent agreement with the model shown in Fig. 3͑d͒ . Four atoms are clearly resolved within a single tetramer.
The Mn tetramer model is shown in various side and perspective views in Fig. 4 . With respect to the unstable, bulk-terminated Mn monolayer ͓Fig. 4͑a͔͒, the Mn layer atoms undergo reconstruction ͓Figs. 4͑b͒-4͑d͔͒. This is qualitatively consistent with the calculations of Rao and Jena, 6 in which the formation of N-doped Mn clusters is energetically favorable. In the model of Figs. 4͑b͒-4͑d͒ , the four Mn atoms are displaced towards each other, forming four intratetramer Mn-Mn bonds, while they maintain the 4 extratetramer Mn-N bonds with second layer N atoms.
Direct measurement of the Mn-Mn spacing along the tetramer side gives an estimate of the Mn-Mn intratetramer bond length= 2.24± 0.11 Å, while the Mn-N bond length is estimated at ϳ1.44± 0.02 Å, based on the measured step height ͑A → B1, Fig. 1͒ of 1 .33 Å. It is interesting to compare these numbers with theoretical predictions of Mn-Mn and Mn-N bond lengths for N-doped Mn clusters from the paper of Rao and Jena. 6 For clusters consisting of one N atom and from one to five Mn atoms, they found Mn-Mn distances of about 2.8± 0.1 Å ͑6% smaller than in bulk Mn 3 N 2 , 2.98 Å͒ and Mn-N distances from 1.62 to 1.96 Å ͑7%-30% smaller than in bulk Mn 3 N 2 , 2.10 Å͒. Our experimentally deduced bond lengths are much smaller than bulk Mn 3 N 2 values, and about 20% and from 11%-27% smaller than the theoretical free cluster predictions for Mn-Mn and Mn-N bond lengths, respectively.
Rao and Jena reported enhanced magnetic moments per Mn atom ͑4.12-4.54 B ͒ in N-doped Mn clusters. 6 Our STM findings suggest that bond lengths in N-doped Mn clusters are smaller than predicted; if so, this could potentially affect the magnetic exchange parameters and thus the magnetism of such small clusters quantitatively or even qualitatively. For example, our deduced tetramer Mn-Mn spacing ͑2.24± 0.11 Å͒ is very close to the lower end of the range for Mn-Mn spacings in bulk, antiferromagnetic Mn ͑2.25-2.95 Å͒. 6 The question then becomes whether the effect of N bonding ͑doping͒ is sufficient to maintain a ferromagnetic ordering.
In conclusion, we have presented a model system consisting of Mn tetramers bonded to a MnN monolayer ͑sub-strate͒, and we have measured their structural properties with atomic-scale resolution. Surprisingly, the Mn-Mn and Mn-N bond lengths deduced from the STM measurements are even smaller than those of free N-doped Mn clusters predicted by Rao and Jena. Future experimental and theoretical work would be desirable to explore the magnetic properties of these MnN-bonded Mn tetramers as well as for Mn tetramers or other transition-metal atom clusters bonded to other nonmagnetic nitride substrates. The results could have important implications for nitride-based dilute magnetic semiconductors. 
